The in situ response of stoichiometric and non-stoichiometric uranium dioxide during flash sintering is examined using high energy X-ray diffraction. Our results show that the onset of flash is driven by an increase in temperature and controlled by the applied field with no evidence of an accumulation of defects. The incubation time, that is the time after the application of the field before the flash occurs, is found to be material specific with hyperstoichiometric samples requiring lower fields to flash. For low current/voltage fields we quantify very little change in the atomic and microstructure of the different uranium dioxide samples post-flash. Microstructural changes are identified for high fields and currents, where joule heating and sample temperatures are high, resulting in the complete transformation of the U 4 O 9 phase. Our results highlight the usefulness of high energy X-ray characterization in understanding the subtle structural changes that occur during the flash sintering process.
Introduction
Field assisted sintering is a rapidly evolving area [1] [2] [3] and understanding the fundamental mechanisms active prior to and during the application of the electric field on the sample are paramount. Field assisted sintering techniques employ electrical fields and currents in combination with temperature, and pressure, to reduce sintering times and temperatures [2] . Flash sintering (FS), is a type of field assisted sintering distinguished by rapid sintering rates [4] . It has predominantly been applied to ceramic materials, with phenomenal rates of densification at low temperatures [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . In FS the applied field is typically on the order of hundreds of volts whilst the maximum applied current is on the order of amps. The applied field is responsible for the onset of the flash event which is characterized by a current runaway, until the current reaches a pre-defined current limit. Depending on the applied field, there is an incubation period which precedes the flash event. During FS, pressureless sintering can occur within minutes under appropriate field, current and temperature conditions.
Various theories regarding the mechanism for the sudden increase in conductivity (the flash) exist, the most prominent being either thermal runaway due to Joule heating or that lattice defects generated by the applied field lead to enhanced conductivity and increased atomic diffusivity which facilitates densification [1] [2] [3] [4] [5] [6] [7] [10] [11] [12] . Recent experi-ments indicate that thermal runaway due to Joule heating is sufficient to explain the rapid densification [6, 7] . However, it is unclear if crystal defects have a role in the enhanced conductivity enabling the flash and densification to occur. High-energy, in situ Synchrotron studies have the potential to determine the role of defects in FS [8, 9, 13, 14] .
Thermal runaway occurs due to positive feedback between the electric power and resistivity of the materials being sintered. The power generated in the material due to the application of the electric field is proportional to the voltage squared and inversely proportional to the electrical resistance. As the power increases, the temperature increases, generally (in ceramics) reducing the material's electrical resistance and further increasing the power. The temperature of the sample increases until the predefined current limit is reached and there is a balance between the power generated and the radiated heat. This sample temperature is higher than conventional sintering temperatures [1] [2] [3] . There is also a theory proposing that the thermal runaway is due to enhanced grain boundary diffusion caused by localized heating along the grain boundaries [2, 3] . Capturing the lattice parameter in situ provides a precise method to assess of the role of temperature in FS.
Other theories [2] [3] which have the potential to explain the increase in densification rate due to applied field and current include an increase in lattice defects, such as Frenkel pairs. Evidence in favor of increased defects includes the observation of electroluminescenence [12, 15] dur-ing FS and it provides a qualitative explanation of the incubation time (time after the application of the field before the flash occurs), decreased electrical resistivity, and enhanced diffusion required for densification.
FS has been shown to be effective for uranium dioxide, a common nuclear fuel [16, 17] . Unprecedented rates of densification (on the order of seconds) at furnace temperatures much lower than in conventional sintering are readily achievable. For uranium dioxide with a stoichiometry of UO 2.16 , conventional sintering at 1000 °C requires over one hour to achieve linear shrinkage of 16%. With an appropriate applied electric field, sintering to a similar density can be achieved at 600 °C in less than 2 min. Conventional sintering does not result in densification at 600 °C [17] . Uranium dioxide is present in several crystal phases with differing stoichiometries at low temperature [17] [18] [19] . UO 2 + x (0 ≤ x ≤ 2.12) and U4O9 all demonstrate flash behavior at room temperature. The unique physical properties of uranium dioxide make it an ideal material for studying the onset of FS because it flashes at low temperature and power, relative to other ceramics. This allows the conditions leading to the flash event to be well controlled over a longer time period so that extensive data can be obtained during the incubation period. It is also possible to observe variations in the crystal structure in the two phases simultaneously during FS using X-rays.
In this study we present in situ, time-resolved structural characterization results for UO 2.00 , UO 2.00 + U 4 O 9 (UO 2.12 ) and U 4 O 9 (UO 2.23 ) samples under various FS conditions at room temperature. This study aims to examine the mechanisms responsible for the onset of flash and whether the applied field and current are responsible for the generation of defects during the incubation time. Therefore, in designing this experiment the FS conditions were selected to result in long incubation times and no densification was expected. The field, current densities and temperatures that these experiments were run under were selected based on in-house experience (Refs. [16, 17] ) that under room temperatures and current densities below 200 mA/mm2, no densification or grain growth occurs in UO 2 . More specifically, the results of [Ref. [17] - Valdez et al.] suggest that in order to achieve densification of the order of 80% or 90% TD, current densities in excess of 600 mA/mm 2 and furnace temperatures of 600 °C were necessary. The crystallographic phase evolution of UO 2 + x and U 4 O 9 was quantified in real-time via high-energy Xray diffraction. The high-Z matrix, containment, apparatus and rapid FS events necessitate the use of a high-energy (highly penetrating), highflux (high signal-to-noise) beamline to probe the structural dynamics.
Experimental section
All samples were prepared using depleted uranium dioxide feedstock from AREVA with a starting oxygen to metal ratio of 2.16. The AREVA feedstock powder was dry milled in a SpexTM high energy mill with a zirconia ball and vial for 15 min to break up any agglomerates. Subsequently it was passed through a 400-mesh sieve to achieve a maximum particle size of 37 μm before being blended with 1 wt% ethylene bis stearamide (EBS) binder to improve flow characteristics in the die when pressing. The resulting powder was pressed at 40 MPa into 13 mm diameter pellets. The pellets were subsequently sintered in a metal furnace at 950 °C under Ar-6%H2 to produce stoichiometric samples (single UO 2 phase) with densities in the range of 55-65% theoretical density (TD). Rectangular samples were cut from the sintered pellets in the approximate size of 1 × 3 × 7 mm. A portion of the samples were subsequently treated at 900 °C in a thermogravimetric analyzer (TGA) under a controlled atmosphere with a partial pressure of oxygen, set by mixing oxygen and hydrogen from specialty gas mixtures of argon-500 ppm oxygen and argon-500 ppm hydrogen to set the O/M ratio to 2.23 (single U 4 O 9 phase) and 2.12 (two phase UO 2 and U 4 O 9 system). Measurement of the final sample O/M was performed using the ASTM standard test method 1 on witness samples treated at the same time. Finally, the ends 1 ASTM C1453-00(2011), https://doi.org/10.1520/C1453-00R11 .
of the samples were coated with platinum paint to improve conductivity and provide a uniform contact surface for the electrodes.
The FS experiments were performed inside a primary quartz enclosure, where an alumina sample holder was suspended from copper wires connected to copper leads. The holder was designed so that the ends of the sample would be in contact with the copper contacts to ensure proper electrical contact. A type K thermocouple was inserted into the primary quartz tube to give an estimate of the sample temperature but it was placed 2 mm away from the sample to prevent contact during the flash event. It is recognized that this temperature would not be indicative of the actual sample temperature during flash sintering. The primary quartz tube was then inserted into a second, outer quartz tube to ensure that any possible sample contamination is contained. The experimental set up is shown in Fig. 1 and does not impose any mechanical constriction on the samples during experiments. Ultra-high purity (UHP) Argon, connected to a Supelco gas purifier, was used to remove any residual oxygen from the system during the flash experiments. A 5A/150 V Agilent N5750A DC power supply was used to apply electric field and current across the sample, as the platinum painted sample ends were in contact with the copper contacts. An in-house programmed LabView interface was used to control the current and voltage input for the flash ASTM C1453-00(2011), DOI: 10.1520/C1453-00R11 experiments. We note that for all flash conditions explored here, we do not expect the samples to sinter as the experiments have been designed to avoid this (no grain growth, coarsening).
X-Ray Diffraction (XRD) measurements were performed at Brookhaven National Laboratory's National Synchrotron Light Source-II (NSLS-II) using the high-energy X-rays available at the X-ray Powder Diffraction (XPD, 28-ID-2) beamline [20, 21] . The wavelength of the incident X-rays was 0.1924 Å (64.67 keV) with a beam size of ∼500 * 500 μm 2 . All measurements were performed in transmission mode with an amorphous silicon-based flat panel detector (PerkinElmer) mounted orthogonal to and centered on the beam path. The sample-to-detector distance and tilts of the detector relative to the beam were refined using the Pt peaks coming from the electrical contacts to the sample. The samples were positioned so that the incident X-ray beam illuminated the center of the 3 × 7 mm bar samples. The measured structural parameters are thus average parameters through the thickness of the sample ( ∼1 mm). Patterns were collected every 1 s during the application of the electric field. Additionally, any change in the microstructure along the gauge length ( ∼5 mm) of the bar samples were captured by measuring the diffraction patterns pre-and post-flash, by scanning the sample between the two Pt contacts (along the x-direction).
The raw two-dimensional patterns were background corrected by subtracting a dark current (X-rays off) image. Noticeable artifact regions of the detector (beam stop, detector edge pixels, outlier pixels and dead pixels) were masked. The corrected and masked two-dimensional detector images were then radially integrated to obtain one-dimensional powder diffraction patterns. The corrected XRD patterns were Rietveld refined with the TOPAS software package (BRUKER). The peak profiles for the UO 2 and U 4 O 9 reflections were modeled using a modified pseudo-Voigt function. We used a fluorite structure (Fm3m) to describe UO 2 [22] and a superlattice structure (I43d) based on the fluorite arrangement of UO 2 to describe the U 4 O 9 phase [23] [24] [25] . The instrument contribution to the broadening of the measured profiles was quantified by fitting a LaB 6 powder NIST standard, with known crystalline-domain size and negligible strain contribution. The instrument-based broadening parameters were subsequently fixed during the analysis of the samples under investigation. The lattice parameter, microstrain, and UO 2 , U 4 O 9 phase fraction components were allowed to vary during the Rietveld refinements, while the coherent grain size and the isotropic temperature factors parameters were kept at fixed values pre-determined from an initial fit of the data. The microstrain component is commonly used to determine lattice strains caused by 2D defects such as dislocations, stacking faults, non-uniform lattice distortions etc. [26] . Follow- ing the fitting method described here, any broadening of the diffraction peaks during the in situ measurements originating from changes in temperature or defects will be captured by the microstrain parameter.
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Results
Fig . 2 (a-c) shows examples of the current/voltage, and (d-f) the in situ response of the lattice parameters for the corresponding samples with O/M ratios of 2.00 (UO 2 phase), 2.12 ( ∼50/50 two phase system of UO 2 and U 4 O 9 ) and 2.23 (U 4 O 9 phase) during FS. Fig. 2 (d-f) shows that following the application of the electric field there is an incubation period during which the current and lattice parameter for the UO 2 phase (d, e) slowly increase. For the case of the U 4 O 9 phase ( Fig. 2 (e,  f) ), there is a decrease in the lattice parameter just before the flash event ( Fig. 2 (e, f) ). This is because in U 4 O 9 a phase transition takes place at ∼80 °C, where the lattice contracts even though it corresponds to temperature increase; it has a nonlinear thermal expansion coefficient [27] . This phase transition is first order in nature and results from the rearrangement of the involving configurational change of U(IV) and U(V) ions [25, 27] . The incubation period is related to the applied voltage and material resistivity, with the U 4 O 9 samples being the most conductive ( ∼0.1 Ω − 1 m − 1 ) and UO2.00 the least ( ∼1 × 10 − 5 Ω − 1 m − 1 ) [28] . After the incubation period, there is a rapid increase in the current ( Fig. 2 (ac) ) which constitutes the flash event. It is accompanied by an abrupt increase in lattice parameter. After this rapid expansion and plateau in the current, the lattice parameter increases gradually. This is potentially due to an increase in temperature. After the field is turned off, the current and lattice parameters return (close) to the initial room temperature values (for these FS conditions). Table 1 shows the pre-and post-flash microstructure for the samples and field/current conditions described here.
In this work, the lattice expansion, for each identified phase within our samples is attributed to thermal expansion during FS. Under this assumption, thermal expansion data for UO 2 and U 4 O 9 [22, [29] [30] [31] have been used to convert the lattice parameters to temperatures as a function of time, shown in Fig. 3 for the same samples used in Fig. 2 . It is worth noting that the conversion of lattice parameter to temperature is only a rough approximation of the sample temperature since there is no way to decouple the contributions from local changes in stoichiometry and thermal expansion on the lattice parameter. The variation in the coefficient of thermal expansion of the UO 2 and U 4 O 9 phases with temperature is included in Fig. 4 (a) and (b) (respectively) from references [29, 31] . The temperature range where the U 4 O 9 has a negative coefficient of thermal expansion is clearly visible in the 2.12 and 2.23 O/M ratio samples and is evidence that the temperature is increasing during the incubation period since this transformation takes place at approximately 80 °C. The calculated temperatures just prior to the flash event are higher for 2.00 than 2.12 and 2.23 O/M samples (see Fig. 3 ), due to the differences in conductivity between the materials. This can be attributed to the high resistivity in the 2.00 samples which results in higher temperatures through Joule heating. The evolution of the microstrain parameter as a function of time is shown in Fig. 3 (b, d, f) for the corresponding samples shown in (a, c, e). We note that for the refinements here, the microstrain parameter is effectively capturing changes in sample temperature. The lack of any sudden spikes in the microstrain parameter prior to the flash event indicates that no large defect population (or avalanche of defects) is created during the application of the field with the absolute values of the changes in microstrain remaining low. The microstrain parameters in the current plateau regions (after the flash) stay featureless in these samples for these FS conditions and indicate that large defect accumulation is absent in this region. We note that the final microstrain parameters post-flash are lower in value compared to the pre-flash values ( Table 1 ) indicating that the flash removes 2D defects. We note that the coherent grain size is also unaffected by these flash conditions and the stoichiometry of the samples post-flash (from the lattice parameters) does not change. The results presented in Figs. 2 and 3 are further evidence that the flash event in UO 2.00 , UO 2 /U 4 O 9 mixtures and U 4 O 9 are dominated by thermal runaway. Further studies were performed at higher applied fields (100 V/cm) and current densities (125 mA/mm 2 ). Higher calculated temperatures were observed in these samples due to the increase in power. An example of the effect of higher power is shown in Fig. 5 for a 2 sample (50/50 UO 2 -U 4 O 9 mixture) during the application of 100 V/cm and 125 mA/mm2. Regions of the individual XRD patterns at different times are also shown in Fig. 5 to highlight the effects of the temperature on the microstructure. The XRD patterns (at 0 s) show peaks from both the UO 2 and U 4 O 9 phases that are close in position and intensity but clearly resolved as separate peaks. After the flash ( ∼50 s), the peaks from the U 4 O 9 phase disappear and the UO 2 peaks increase in intensity, indicating that a phase transformation occurred. Based on the temperature calculated from the UO 2 lattice parameter, the phase transformation from a two phase UO 2 + x + U 4 O 9 two phase material to single phase UO 2 + x is consistent with the phase diagram shown in Fig. 4 (c) [17, 32] . The temperature of the sample increases to a maximum temperature of 840 °C, at which time the peaks are relatively narrow compared to the peaks at 0 s which possibly indicates that the defects contributing to broadening are decreased in density due to thermal annealing. When the field is turned off, the sample temperature decreases, and the peak positions shift back close to the initial position for UO 2 . No additional crystal phases were observed to form during or post-flash sintering. Table 1 shows that for these flash conditions the final lattice parameter increases relative to the initial value. This is indicative that the stoichiometry of the sample has changed for these high temperatures. This is not surprising as for a given partial pressure of oxy- gen in the system the material will reduce in stoichiometry at higher temperatures [32] . Additionally, the microstrain parameter decreases again due to the removal of 2D defects. Fig. 6 shows a summary of the incubation time as a function of applied field for the three stoichiometries studied here. All samples show an inverse relationship between the applied field, and the time required to flash. The magnitude of the field required to initiate the flash event varies from sample to sample according to stoichiometry, with hyper stoichiometric samples requiring lower fields to flash. The results presented here are consistent with previous works, where similar relationships in incubation time and field were observed for similar materials [16, 17] . This is attributable to variations in the electrical resistivity between materials.
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Conclusions
These experiments demonstrate that the use of in situ X-ray diffraction is a powerful method to uncover the complex dynamics in uranium dioxide with different O/M ratios during FS and will provide useful information for theoretical models. The flash sintering behavior of the material studied here is also relevant to the nuclear industry, where starting stoichiometry and applied parameters could potentially be tailored to optimize the fabrication process for nuclear fuels. These in-situ experiments readily show that the onset of flash sintering is dominated by thermal runaway, with no evidence for the formation of secondary phases or large defect populations. Changes in the crystalline phases and atomic structure ensue with the application of higher electric fields and currents, which were additionally attributed a very large increase in temperature. Measurements were performed on multiple phases and mixtures offering further evidence that a mechanism based on thermal runaway of Joule heating can be generalized to explain the onset of flash. Finally, the in situ characterization method described here is by no means limited to uranium dioxide and could be applied to other relevant nuclear ceramic materials to quantify the micro structural response during the application of electric field and or temperature.
Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.
The authors declare the following financial interests/personal relationships which may be considered as potential competing interests.
